The preparation of a glycosynthase, a catalytic nucleophile mutant of a glycosidase, is a well-established strategy for the effective synthesis of glycosidic linkages. However, glycosynthases derived from a-glycosidases can give poor yields of desired products because they require generally unstable b-glycosyl fluoride donors. Here, we investigate a transglycosylation catalyzed by a catalytic nucleophile mutant derived from a glycoside hydrolase family (GH) 97 a-galactosidase, using more stable b-galactosyl azide and a-galactosyl fluoride donors. The mutant enzyme catalyzes the glycosynthase reaction using b-galactosyl azide and a-galactosyl transfer from a-galactosyl fluoride with assistance of external anions. Formate was more effective at restoring transfer activity than azide. Kinetic analysis suggests that poor transglycosylation in the presence of the azide is because of low activity of the ternary complex between enzyme, b-galactosyl azide and acceptor. A three-dimensional structure of the mutant enzyme in complex with the transglycosylation product, b-lactosyl a-D-galactoside, was solved to elucidate the ligand-binding aspects of the a-galactosidase. Subtle differences at the b?a loops 1, 2 and 3 of the catalytic TIM barrel of the agalactosidase from those of a homologous GH97 a-glucoside hydrolase seem to be involved in substrate recognitions. In particular, the Trp residues in b?a loop 1 have separate roles. Trp312 of the a-galactosidase appears to exclude the equatorial hydroxy group at C4 of glucosides, whereas the corresponding Trp residue in the a-glucoside hydrolase makes a hydrogen bond with this hydroxy group. The mechanism of a-galactoside recognition is conserved among GH27, 31, 36 and 97 a-galactosidases.
Introduction
Carbohydrates are involved in a range of important biological processes and there is an increasing need to synthesize compounds containing carbohydrates and their analogues. Almost all oligosaccharides are synthesized in vivo by Leloir glycosyltransferases and these enzymes can be exploited for the in vitro synthesis of oligosaccharides in high yield. However, glycosyltransferases require costly and poorly available sugar nucleotides as glycosyl donors. Retaining glycosidases catalyze the hydrolysis of O-glycosidic linkages via a double displacement mechanism, and can be used for the formation of glycosidic linkages. This reaction, so-called transglycosylation, is often used for the production of the glycosidic linkages because it can be undertaken using an inexpensive and readily available glycosyl donor. Ensuring maximal transglycosylation product yield is challenging because the product can be hydrolyzed by the retaining glycosidase. This problem can be overcome by converting the glycosidase into a glycosynthase [1, 2] . A glycosynthase can be easily made by removing the nucleophile catalyst in the active site. A glycosynthase is capable of catalyzing glycosyl transfer from a glycosyl fluoridewith the opposite anomeric configuration of the natural substrate-to the acceptor molecule. Eliminating the nucleophile of the enzyme abolishes the hydrolytic activity and prevents product degradation. Glycosynthases are thus valuable resources for oligosaccharide synthesis. However, instability of glycosyl fluoride donors sometimes becomes a bottleneck for this synthetic approach. The donor substrates of glycosynthases derived from a-glycosidases are unstable b-glycosyl fluorides. These donors spontaneously hydrolyze, prohibiting high yield synthesis of desired products [3] . Indeed, the yields of oligosaccharides catalyzed by a glycosynthase derived from an a-glucosidase were lower than those catalyzed by other glycosynthases [4] . Cobucci-Ponzano et al. used a b-glycosyl azide in place of an unstable b-glycosyl fluoridebecause the azide is more stable than the b-glycosyl fluoride-as the donor substrate for glycosynthases derived from glycoside hydrolase family 36 (GH36) agalactosidase and GH29 a-L-fucosidase, and succeeded in the formation of a-galactosidic and a-L-fucosidic linkages [5, 6] . Apart from the glycosynthase, Moracci and colleagues [7] established an alternative method for oligosaccharide synthesis using a nucleophile mutant of a b-glycosidase in combination with an external nucleophilic anion. The catalytic activity of nucleophile mutants is generally rescued by an anion such as azide, formate or acetate. The anion takes the role of the catalytic nucleophile and attacks the anomeric carbon of the glycoside to promote departure of a leaving group and forms an inverted glycoside [8] . Moracci et al. [7] found that the inverted glycoside acted as a donor substrate that transferred to a suitable acceptor molecule. The products were not hydrolyzed because the external anion was only effective against substrates that possess a good leaving group.
In this study, we investigated the use of a glycosynthase with b-galactosyl azide (b-GalN 3 ) and chemically rescued transglycosylation for the synthesis of agalactosyl oligosaccharides, using a nucleophile mutant enzyme derived from Bacteroides thetaiotaomicron glycoside hydrolase family (GH) 97 retaining agalactosidase (BtGH97b). These procedures allowed us to use the relatively stable a-galactosyl fluoride (aGalF) and b-GalN 3 as donor substrates for oligosaccharide synthesis, instead of the labile b-galactosyl fluoride. We studied the transglycosylation kinetics using lactose as an acceptor molecule. This is because we aim to make a-galactosyl carbohydrates that are useful in therapeutic applications, such as the a-Gal epitope [a-Gal-(1?3)-b-Gal-(1?4)-GlcNAc-R] and globosyl-Gb2/Gb3 [a-Gal-(1?4)-b-Gal-R/a-Gal-(1? 4)-b-Gal-(1?4)-b-Glc-R]. We confirmed that transglycosylation with the assistance of formate was the best strategy among the three methods tested for the synthesis of oligosaccharides. Azide can rescue the donor cleavage reaction better than formate. However, an accumulation of b-galactosyl azide was observed, and the yield of the transfer product was lower than that of the formate-assisted transglycosylation. A kinetic study suggested the formation of a less active ternary complex between enzyme, b-galactosyl azide and acceptor. The kinetic evaluation of acceptor specificity in the formate-rescued transglycosylation is also discussed. Furthermore, we solved a crystal structure of the nucleophile mutant enzyme of BtGH97b (BtGH97b-D415G) complexed with a transglycosylation product. GH97 is a unique family that contains inverting and retaining enzymes [9, 10] . The inverting enzyme (BtGH97a) selectively hydrolyzes non-reducing terminal a-glucosidic linkages in p-nitrophenyl (PNP) and 2,4-dinitrophenyl a-glucopyranosides, a-glucobioses and maltooligosaccharides. The crystal structure of acarbose-binding BtGH97a has been determined and allows us to understand its substrate-binding aspects [9, 10] . The retaining enzyme, BtGH97b, definitely recognizes and hydrolyzes non-reducing terminal agalactosidic linkages including PNP a-galactopyranoside and melibiose [a-galactopyranosyl-(1?6)-glucopyranoside], and seldom acts on a-glucosidic linkages [9] [10] [11] . The structure determined is ligand free and there is no information about the a-galactoside-binding site of BtGH97b [11] . The structure determined in this study provides a difference in substrate recognition from BtGH97a and similarity to a-galactosidases of other GHs.
Results

Chemically rescued transglycosylations with
BtGH97b-D415G
The chemically rescued reaction rates were measured with 20 mM a-GalF as the substrate. The initial velocity of fluoride ion release without any external nucleophile was 0.0547 s À1 (=v/[E] 0 ). Addition of formate or azide ions raised the velocity, which increased by 180% with 100 mM sodium formate or by 4000% with 300 mM sodium azide (Fig. 1) . Greater concentrations of the external anions did not cause further increases in the velocity.
Transglycosylation by BtGH97b-D415G in the presence of an external anion was investigated. An equimolar ratio of a-GalF and lactose (20 mM each) was incubated with 100 mM sodium formate, sodium azide, or sodium acetate. The reaction mixtures were analyzed by thin-layer chromatography (TLC) and high-performance anion exchange chromatographypulsed amperometric detection (HPAEC-PAD) after a 48-h incubation (Fig. 2) . The transglycosylation product was detected by TLC when formate was used as the external nucleophile ( Fig. 2A) . The product concentration amounted to 12 mM at 24 h and remained unchanged after 48 h (Fig. 2B) . Sodium acetate and sodium azide were ineffective in rescuing transglycosylation activity and failed to produce the desired product, with the accumulation of b-galactosyl azide observed when azide was used as the external nucleophile (Fig. 2B) . The appropriate ratio of donor and acceptor was explored using lactose as the acceptor. The use of an equimolar ratio of a-GalF and lactose (20 or 40 mM) resulted in incomplete consumption of the lactose. The use of 40 mM a-GalF and 20 mM lactose gave almost complete consumption of lactose after a 48-h incubation. To explore the scope of saccharide acceptors, six monosaccharides (20 mM glucose, xylose, fructose, mannose, galactose, or talose) and four disaccharides (20 mM maltose, cellobiose, lactose, or sucrose) were individually incubated with 40 mM a-GalF, BtGH97b-D415G, and 100 mM sodium formate. The reaction mixtures were analyzed using TLC after 48-h incubations (data not shown). Glucose, xylose, maltose, cellobiose and lactose were able to act as acceptors, but the other carbohydrates did not form new glyosidic linkages. Several products were detected when glucose, xylose, maltose and cellobiose were used as acceptors. It was difficult to determine each product concentration and the yields of transglycosylation products from their effective saccharides, but progress of each reaction was readily estimated from the consumption of acceptor molecules (Table 1) . A single trisaccharide species was produced when lactose was used as the acceptor molecule, and thus the efficiency of transglycosylation versus hydrolysis was calculated by determining the concentration of Reactions (20 mM a-GalF and 1.6 lM of BtGH97b-D415G) were performed using various concentrations (0-500 mM) of external nucleophiles sodium formate (A) or sodium azide (B), in 100 mM MES/NaOH (120 mM NaCl and 20 mM CaCl 2 , pH 6.0). Fluoride ion released from a-GalF was monitored by a fluoride ion electrode. Experiments were repeated three times and average values are plotted (error bar, SD).
the transfer product and galactose. a-GalF (40 mM) and lactose (20 mM) were incubated in the presence of 100 mM sodium formate for 48 h and the reaction mixture was separated by HPLC. The concentration of the product, galactose and a-GalF were 17, 19 and 4 mM, respectively. The transglycosylation product thus comprised 47% of the reaction carbohydrates. The yield estimated from the consumption of acceptor molecule was 85% (Table 1) . In addition, we tested whether PNP glycosides were suitable as acceptor molecules. Each PNP glycoside (10 mM a-glucoside, bglucoside, a-mannoside, b-mannoside, a-galactoside, or b-galactoside) was incubated with 20 mM a-GalF, BtGH97b-D415G and 100 mM sodium formate. The reaction mixtures were subjected to reverse-phase HPLC to estimate the concentrations of the products. PNP a-and b-glucosides and PNP a-and b-mannosides were able to act as acceptors but PNP a-and bgalactosides were not. Product yields were calculated as follows: PNP a-glucoside, 95%; PNP b-glucoside, 89%; PNP a-mannoside, 92%; PNP b-mannoside, 73% ( Table 1) . The chemically rescued transglycosylation in the presence of 300 mM sodium azide was also investigated. The yield of the transglycosylation products was estimated as per the methods used for the formate-rescue reactions ( Table 1 ). The yields in the azide-rescued transglycosylations were lower than those of the formate-rescued reactions. Consumption of lactose was hardly observed and this disaccharide was demonstrated to be a less effective acceptor molecule in the azide-rescued reaction. The reaction mixture consisting of 40 mM a-GalF, 20 mM lactose, BtGH97b-D415G and 300 mM sodium azide was analyzed using HPLC after a 48-h incubation. The concentration of the transfer product, galactose, b-GalN 3 and a-GalF were 0.7, 10, 27 and 2.2 mM, respectively. Around 70% of the whole reaction proved to end at the b-GalN 3 intermediate.
Glycosynthase using b-GalN 3 as the donor substrate
The glycosynthase reaction of BtGH97b-D415G using 20 mM b-GalN 3 as a donor substrate was investigated. Five natural carbohydrates (20 mM glucose, xylose, maltose, cellobiose, or lactose) were individually incubated with BtGH97b-D415G and 20 mM b-GalN 3 . The yields of the transglycosylation products from these saccharides were estimated from the consumption of acceptor molecule (Table 1) . PNP a-and b-glucosides and PNP a-and b-mannosides (10 mM) were also incubated with the enzyme and 10 mM b-GalN 3 .
Each reaction mixture was subjected to HPLC analysis after 48 h and the yields of the products from the PNP glycosides were calculated ( 47%. These results indicated that BtGH97b-D415G successfully catalyzed the glycosynthase reaction using b-GalN 3 as a donor substrate. Transglycosylation kinetics with BtGH97b-D415G using b-GalN 3 and lactose as donor and acceptor substrates, respectively, were investigated using a HPAEC-PAD to monitor the a-galactosyl lactose production. The plots of velocities versus [b-GalN 3 ] at a fixed concentration of lactose (100 mM) displayed standard Michaelis-Menten kinetics (Fig. 3A) , with apparent kinetic parameters of K m = 0.21 AE 0.04 mM, k cat = 0.089 AE 0.004 s À1 , and
. The velocities of product release at various lactose concentrations under a fixed concentration of b-GalN 3 (10 mM) also displayed standard saturation kinetics (Fig. 3B) , with apparent kinetic parameters of K m = 52 AE 3 mM, k cat = 0.064 AE 0.002 s
À1
, and k cat /K m = 0.0012 s À1 ÁmM À1 .
Structures of transglycosylation products
The transfer products were identical among all reactions with homologous substrates and acceptors. The products from reactions using a-GalF in the presence of formate ion were isolated by HPLC and the main products were subjected to structural analyses. Using glucose as the acceptor generated one major and three minor products. Electrospray ionization mass spectrometry (ESI-MS) revealed that the major product (m/z 365.10 for C 12 C-NMR spectra of the major disaccharides were assigned using two-dimensional NMR, unveiling the product as a non-reducing sugar,
The formation of the a-(1↔1)-b linkage was confirmed by the presence of a correlation between H-1 (coupling constant, J = 7.6 Hz) of the glucose residue and C-1 of the galactose residue, and the correlation between H-1 (J = 3.4 Hz) of the galactose residue and C-1 of the glucose residue in the heteronuclear multiple bond correlation (HMBC) spectrum (Fig. 4A) .
Xylose was converted to one major disaccharide product (ESI-MS: m/z 335. of the glucose residue and C-1 of the galactose residue, and that between H-1 (J = 3.8 Hz) of the galactose residue and C-1 of the glucose residue (Fig. 4C ).
The reaction with maltose as the acceptor formed one major and two minor trisaccharide products (Fig. 4D ). This result implied that the trisaccharide has three anomeric protons with a, a, and b anomeric configurations, respectively, and is the non-
The formation of two saccharides from cellobiose was confirmed by HPLC. ESI-MS revealed that the major product was a trisaccharide (m/z 527. 16 (Fig. 5A ). This suggests that the single HPLC peak contained two trisaccharides, a non-reducing sugar and a reducing sugar having three and four anomeric proton signals, respectively. Further attempts to separate these species were unsuccessful. A b-glucosidase hydrolysis and a methylation analysis were employed to determine the linkages of the two saccharide products. Treatment of the mixture of two saccharides with b-glucosidase gave peaks in the HPLC analysis for glucose, a-Gal-(1↔1)-b-Glc, and a persistent original sugar (Fig. 5B) . The persistent sugar peak remained without any decrease in peakarea after a 96-h treatment with b-glucosidase, showing that the mixture contains a b-glucosidaseinsensitive oligosaccharide. The enzyme certainly hydrolyzes b-Glc-(1?4)-b-Glc linkages, and the results suggest that the mixture contains non-reducing a-D-Galp(1↔1)b-D-Glcp-(4 1)-b-D-Glcp resulting from binding of the reducing and non-reducing ends of glucose moieties of acceptor cellobiose at subsites +1 and +2, respectively. The unhydrolyzed oligosaccharide was subjected to methylation analysis. 2,3,4,6-Tetra-O-methyl-galactose, 2,3,4-tri-O-methyl-glucose and 2,3,6-tri-O-methyl-glucose were detected by TLC (Fig. 5C) , suggesting that the resistant oligosaccharide was a-Gal-(1?6)-b-Glc-(1?4)-Glc. This compound was formed when the hydroxy group at C6 of the glucose moiety of non-reducing end of cellobiose attacked the anomeric carbon of the b-galactosyl formate intermediate. The glycosidic linkages of the transfer products using PNP glucosides as acceptor molecules were examined by methylation analysis. The analyses suggested that reactions formed a-(1?6) glycosidic linkages.
Kinetic analysis of the chemical-rescued transglycosylation
Kinetic parameters of the reaction by BtGH97b-D415G in the presence of 100 mM sodium formate or 300 mM sodium azide were determined with or without lactose ( Table 2 ). The initial velocities of fluoride ion release from various concentrations of a-GalF as the sole substrate were measured. The plots of velocities versus [aGalF] exhibited standard Michaelis-Menten behavior in each condition (Fig. 6A,B) . The k cat and k cat /K m values in the presence of 300 mM sodium azide were significantly higher than those in the presence of 100 mM sodium formate. The effect of adding 100 mM of lactose on the reaction velocity was next investigated. Addition of 100 mM lactose did not affect the Michaelian kinetic behavior. The addition of 100 mM lactose slightly increased K m and k cat values in the presence of 100 mM sodium formate, with little effect on k cat /K m . Lactose addition significantly decreased the k cat and k cat /K m values in the presence of 300 mM sodium azide. The transglycosylation of BtGH97b-D415G with the assistance of the external nucleophile can follow the reaction scheme shown in Fig. 7 . The enzyme should form the dead-end ES 2 complex, which is generated by the binding of the lactose molecule (S 2 ) to the free enzyme (E), because k cat /K m was affected by the presence of lactose. 
where K S2 0 is a disassociation constant of ES 2 , 
0 was estimated to be 13.3 mM in the presence of azide. In the presence of formate, a decrease in k cat /K m was not observed and K S2 0 ≫ [S 2 ] (=100 mM) should hold. Kinetic parameters were determined with varying concentrations of lactose under fixed concentrations of a-GalF (10 mM) and an external nucleophile (100 mM sodium formate or 300 mM sodium azide). The velocity of fluoride ion release at various lactose concentrations in the presence of formate displayed a saturation curve, which did not pass through the origin (Fig. 6C) . The velocity decreased in the presence of azide with increasing lactose concentration (Fig. 6D) . The a-GalF concentration (10 mM) used was deemed to be greater than K m (K m = 0.136 mM with formate, K m = 0.101 mM with azide; Table 2 . All experiments were repeated three times and average values are plotted (error bar, SD).
The initial velocities under varying [lactose] with a fixed [a-GalF] fit well to Eqn (2). These kinetic results,
v À [a-GalF] and v À [lactose] under the fixed [lactose]
and [a-GalF], respectively, suggested that the chemically rescued transglycosylation of BtGH97b-D415G followed the scheme in Fig. 7 . The initial velocity of the formate ion-mediated reaction was also measured with alternative acceptor substrates, including galactose, glucose, xylose, maltose and cellobiose. These acceptors followed Eqn (2) with the exception of galactose, with no increase in the velocity of fluoride release observed for galactose. The constants a, b and c for the glycosyl acceptors are summarized in Table 3 .
Crystal structure of BtGH97b-D415G complexed with Gal-Lac
The crystal structure of BtGH97b-D415G complexed with Gal-Lac was determined at 1.9
A resolution (Fig. 8A) . The structure was almost identical with the free wild-type enzyme with root mean square deviations (r.m.s.d.) of 0. 20 A for 641 Ca atoms, indicating that the mutation had no noticeable effect on the three-dimensional structure of the protein. The mutation of Asp415 to Gly made a cavity that was sufficient to accommodate the formate or azide ion. A calcium ion, characteristic of GH97 enzymes, and GalLac were located at the active site (Fig. 8B) . In the ligand-free wild-type enzyme [11] , the calcium ion was bound to three glutamate residues (Glu174, Glu464 and Glu470) and four water molecules with a pentagonal bipyramid geometry. In the BtGH97b-D415G-Gal-Lac complex, three of the four water molecules were replaced by hydroxyl groups and the a-galactosidic oxygen of Gal-Lac (Fig. 8C) . The a-galactosyl moiety at subsite À1 made several important contacts with the protein and the calcium ion (Fig. 8C) . Hydrogen bonds were formed between the O3 atom and Lys413 and His445, and between the O2 atom and His445 and Glu464. The O2 atom also interacted with the calcium ion. These features were similar to the ligand-binding structures of BtGH97a [9, 10] . The axial O4 atom was recognized through hydrogen bonds to Asp350, Lys413 and Trp387. The indole ring of Trp312 stacked with the hydrophobic face of the galactose ring, which is composed of C4, C5 and C6. The O6 atom was hydrogen bonded to Glu351 and O6 of the b-glucose moiety. Subsite +1 leading out to the entrance of the active-site pocket was narrow, owing to His245, Trp312, Phe416, Glu470 and Trp474 (Fig. 8D) . The b-glucosyl moiety at subsite +1 was tightly surrounded by these amino acid residues, and the carboxy group of Glu174 established a hydrogen bond with the O2 atom (Fig. 8C,D) . The b-galactosyl moiety at subsite +2 was juxtaposed to the indole ring of Trp474 (Fig. 8D) .
Discussion
It is difficult to use an orthodox glycosynthase to synthesize an a-galactoside because of the instability of bgalactosyl fluoride. In this study, we tested other known procedures for making a-galactosides using a catalytic nucleophile mutant of GH97 a-galactosidase, BtGH97b-D415G. The enzyme catalyzed both an alternative glycosynthase reaction using b-GalN 3 as the donor substrate and the transfer reaction with the assistance of an external formate or azide ion nucleophile. The transfer reaction in the presence of the formate ion was the most efficient procedure of the three methods investigated. We performed kinetic analyses of the transfer reactions using lactose as an acceptor molecule. This is because we are interested in making a-galactosyl carbohydrates that have uses in therapeutic processes, such as the a-gal epitope and globosylGb2/Gb3, although the transfer reaction resulted in the formation of a non-reducing trisaccharide. The kinetic study suggests that the low reactivity of the glycosyl-azide intermediate is involved in the limited transfer reaction in the azide-rescued reaction. The stable b-GalN 3 leads to poor reactivity of the ternary complex of enzyme, b-GalN 3 and lactose, and thus the reaction may progress to liberate b-GalN 3 from the enzyme (E + P 2 in the reaction scheme in Fig. 7) . This equated to a k 5 smaller than k 3 in the scheme. The kinetic analysis cannot give the values of these rate constants, but the kinetic constants of Eqn (2) provide k 2 k 3 /(k 2 + k 3 ) and k 2 k 5 /(k 2 + k 5 ) values: k 2 k 5 /(k 2 + k 5 ) corresponds to b in Eqn (2) and k 2 k 3 /(k 2 + k 3 ) can be calculated by a/c. We established that Fig. 7 . Proposed kinetic scheme for the chemically rescued transglycosylation catalyzed by the BtGH97b nucleophile mutant. E, BtGH97b-D415G supplemented with the external nucleophilic anion; S, a-GalF; S 2 , acceptor; K S2 0 , the dissociation constant of S 2 from E; P 1 , fluoride; P 2 , b-galactosyl azide or galactose; P 3 , transglycosylation product.
( Table 2 ), indicating that k 3 > k 5 and that the reaction progresses to liberate b-GalN 3 from the enzyme. When formate is used as the external nucleophile, k 2 k 3 / (k 2 + k 3 ) is smaller than k 2 k 5 /(k 2 + k 5 ), and thus the formate ion proves to be a suitable external nucleophile for the transfer reaction. Similar results were also observed in a nucleophile mutant of a bglycosidase and regarded as a consequence of the low reactivity of the glycosyl-azide [7] . In addition, the poor reactivity of the ternary complex (enzyme•b-galactosyl azide•lactose) might result from scarce ability of lactose to act as the acceptor as well as the stable b-GalN 3 , because the yield of the product from lactose in the presence of the azide ion was markedly low. Additional lactose acceptor causes a significant decrease in k cat for the liberation of fluoride from aGalF in the azide-rescued reaction (Fig. 6B) . This might be caused by the stability of the b-galactosyl azide intermediate. From Eqn (1), the k cat is expressed as follows:
The poor reactivity of the ternary complex (enzyme•b-galactosyl azide•lactose) can be regarded as k 5~0 and allows the simplification of the equation to:
This equation indicates that an increase in [ES 0 S 2 ], resulting from the poor activity of the ternary complex, causes a decrease in k cat . The decrease in k cat /K m is observed in the azide-rescued reaction, but not in the formate-rescued reaction, and it appears that K S2 0 varies depending on the nucleophile species. The glycosynthase kinetics, in which variation of b-GalN 3 concentration occurs at a fixed concentration of lactose, follows saturation kinetics and implies that external azide ion is the cause of the formation of ES 2 . The reasons why the azide ion facilitates the formation of ES 2 are unclear.
Kinetic parameters with varying concentrations of acceptor molecule under fixed concentrations of aGalF and formate were determined to evaluate acceptor specificity of the transglycosylation. Equation 2 describes the kinetics involved and the b/a values (Table 3) can be referred to as a type of specificity constant for the acceptor. The ratio b/a describes the following:
is a net rate constant for ES 0 ? ES 0 S 2 in the reaction of ES 0 going to E + P 3 via ES 0 S 2 [12] . Therefore, b/a indicates the partitioning ratio of the rate of ES 0 ? ES 0 S 2 to that of ES 0 ? E + P 2 . A high b/a value indicates that ES 0 progresses to form ES 0 S 2 rather than E + P 2 . The b/a values for cellobiose and lactose are higher than that for glucose ( Table 2 ), indicating that BtGH97b-D415G prefers disaccharides as acceptor molecules. This result suggests a substantial contribution by subsite +2 to acceptor binding. An indole ring of Trp474 at subsite +2 is likely to play an important role in stabilizing a sugar moiety (Fig. 8D) .
The result that PNP a-, and b-mannosides worked as acceptor molecules, but mannose did not, further shows the significance of subsite +2. An interaction between the PNP group and the indole ring of Trp474 may provide sufficient energy for PNP mannosides to act as acceptor molecules. The acceptor specificity and structural features can provide information on substrate specificity of hydrolysis by the wild-type enzyme, i.e. its natural substrate might be the a-galactoside in galactomannan and galactomannooligosaccahrides, which is produced from galactomannan by an action of b-mannanase. In addition, BT2620, a paralogous protein of BtGH97b, has been reported to be responsible for the degradation of a-galactoside in a-mannan [13] , and a-mannan may also be a candidate for a natural BtGH97b substrate. BtGH97b-D415G generated non-reducing sugars when lactose, glucose or maltose was used as the acceptor substrate, and these products have not been identified in nature. The mutant enzyme appears to have produced them incidentally, and this specificity seems not to reflect substrate specificity for the hydrolysis action of the wild-type enzyme. The narrow subsite +1, as mentioned below, may be involved in the formation of the non-reducing sugars.
Subsite +1 appears not to accept a galactose moiety because galactose and PNP a-and b-galactosides were not suitable acceptors. This can be attributed to the constricted subsite +1 (Fig. 8D) . The structure shows that Van der Waals contacts with His245, Trp312, Phe416 and Trp474 are the main binding energy for stabilizing the b-glucosyl moiety at subsite +1. However, these residues narrow the location of subsite +1 and seem to prohibit an axial hydroxy group of galactose from binding. The narrow subsite +1 allows only O1 of a b-glucose (-syl), which has all equatorial hydroxy groups, to react with the b-galactosyl formate. An a-(1?6)-linkage is generated when cellobiose is used as an acceptor (Fig. 5) . It is possible that misalignment of the space-restricted subsite +1 and glycosyl moiety occurs when there is a 6-hydroxymethyl group attacking.
The GH97 contains an inverting a-glucoside hydrolase, BtGH97a, and a retaining a-galactosidase, BtGH97b [9, 10] . The divergence in catalytic mechanism of these enzymes has been explained by the difference in position of the catalytic residue [11] . However, little is known about how subsite À1 of BtGH97b distinguishes between a-galactosides and aglucosides, since the structure of BtGH97b has been solved in the substrate-free form [11] . A comparison between structures of BtGH97b and BtGH97a shows that subtle differences are associated with the recognitions of the axial and equatorial hydroxy groups at C4 (Fig. 9A) . BtGH97b stabilizes the axial O4 through hydrogen bonds with Asp350, Trp387 and Lys413 on the b?a loops 2, 3 and 4 of the catalytic (b/a) 8 barrel domain, respectively. BtGH97a has Glu391, His437 and Lys467 residues at equivalent positions [9, 10] , but their roles in substrate recognition are slightly different: Glu391 contributes to stabilization of an equatorial O4, whereas His437 and Lys467 are involved in the stabilization of O6 and O3, respectively. Coupled with Glu391, Trp331 on the b?a loop 1 is associated with the equatorial O4 through a hydrogen bond. BtGH97b also has Trp312 on the b? a loop 1, but its indole ring is not oriented to form a hydrogen bond. The bulky side chain is positioned to interfere with the equatorial O4 and this residue is likely to be important for excluding an a-glucoside from subsite +1.
The machinery that stabilizes the O4 and O6 of saccharides in BtGH97b can provide an experimental corroboration of a previously proposed evolutionary relationship of GH97 with GH clan-D [9, 14] , which consists of GH27, 31 and 36. Superimposition of representative GH clan-D a-galactosidases [15] [16] [17] and our crystal structure (Fig. 9B) shows that the machinery for stabilization of O4 and O6 of a-galactosides is spatially conserved well among GH 27, 36 and 97 a-galactosidases, even though GH27 rice agalactosidase has a Tyr residue instead of Trp on bstrand 3. The multiple sequence alignment of structure-known GH 27 and 36 a-galactosidases with BtGH97b-D415G, based on a structural alignment by MATRAS [18] , also indicates conservation of residues associated with stabilization of O4 and O6 of a-galactosides (Fig. 9C) . GH31 a-galactosidase possesses a slightly different but highly similar arrangement to accept the axial O4 (Fig. 9B) . This enzyme has no corresponding carboxy group to recognize O6, and a Trp486 that interacts with the equatorial O4 is not on the b?a loop 1 but on the b?a loop 8. However, the enzyme has Glu266, Trp305 and Lys363 on the b?a loops 2, 3 and 4, respectively, which stabilize the axial O4, as with GH27, 36 and 97 a-galactosidases. These structural features are obvious proof of the evolutional relationship between GH97 and GH clan-D enzymes.
In this study, we demonstrate that the formate-rescued transglycosylation by BtGH97b-D415G is effective for the synthesis of a-galactosides. Converting a glycosidase to a glycosynthase is a highly respectable strategy to efficiently form glycosidic linkages, but glycosynthases derived from a-glycosidases may fail to generate glycosidic linkages with good yield because of the instability of b-glycosyl fluoride donors. The chemically rescued transglycosylation using more stable a-glycosyl fluoride substrates could be useful for other a-glycosidases. In addition, our crystal structure complexed with the transglycosylation product offers insight into structure and function relationships in not only GH97 but also GH clan-D enzymes.
Materials and methods
General procedures
1 H-NMR spectra were recorded on JEOL JNM-AL400 (400 MHz) or JNM-ECA600 (600 MHz) spectrometers (Jeol Ltd, Tokyo, Japan).
13 C (150 MHz), COSY, HSQC, HSQC-TOCSY and HMBC NMR spectra were recorded on a JEOL JNM-ECA600 spectrometer (Jeol Ltd). ESI-MS was performed using a Thermo Scientific Exactive spectrometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). TLC separation of saccharides was performed using 0.25-mm layers of silica gel 60 F 254 (Merck, Darmstadt, Germany). The reaction mixtures containing a monosaccharide or disaccharide as the acceptor substrate were developed twice using a solvent system of nitromethane : 1-propanol : water (4 : 10 : 3, v/v), whereas the reaction mixtures containing PNP glycosides were developed using a solvent system of ethyl acetate : methanol : water (7 : 2 : 1, v/v/v). The sugar and sugar derivatives were visualized by spraying with an a-naphthol/sulfuric acid solution (15% sulfuric acid in methanol containing 2.1 mM anaphthol), followed by heating at 110°C for 5 min The concentrations of monosaccharides and disaccharides were measured by HPAEC-PAD using a Dionex ICS-3000 system (Dionex/Thermo Fisher Scientific, Idstein, Germany) equipped with a CarboPac PA1 analytical column (4 mm 9 250 mm; Dionex/Thermo Fisher Scientific), or by an HPLC system (Jasco, Tokyo, Japan) equipped with Corona charged aerosol detector (ESA Biosciences, Inc., Chelmsford, MA, USA) with a Cosmosil Sugar-D analytical column (4.6 mm 9 250 mm; Nacalai Tesque, Kyoto, Japan). For HPAEC-PAD; the column was preequilibrated with eluent before each chromatographic analysis. Separation conditions (flow speed, 0.8 mLÁmin
À1
; sample injection, 10 lL containing internal standard sorbitol) were as follows: for glucose or xylose, isocratic elution with 15 mM NaOH; for lactose or maltose, isocratic elution with 160 mM NaOH; for cellobiose, two-step separation comprising an initial isocratic elution with 15 mM NaOH for 30 min and then gradient elution of 15-160 mM NaOH over 20 min. Sodium hydroxide solutions were prepared from super special grade 50% NaOH solution (Wako Pure Chemical Industries, Ltd, Osaka, Japan). The concentration of each saccharide was calculated using a calibration curve prepared from chromatographic peak areas of sorbitol and concentration-known saccharide standards. Chromatograms were evaluated with Chromeleon software (Dionex/Thermo Fisher Scientific). For HPLC; the separation of each saccharide was achieved using a mobile phase (acetonitrile/water, 75 : 25, v/v) with a flow rate of 1 mLÁmin À1 at 30°C. The chromatograms were processed on a BORWIN/HSS-2000 (Jasco). The concentrations of PNP glycosides were measured by RP-HPLC equipped with a Cosmosil 5C 18 -AR-II analytical column (4 mm 9 250 mm; Nacalai Tesque) and a mobile phase (acetonitrile/ water, 9 : 93, v/v) with a flow rate of 0.5 mLÁmin À1 at 30°C.
Each PNP glycoside was detected by absorbance at 313 nm, and the concentration calculated using a calibration curve prepared from chromatographic peak areas of a concentration-known PNP a-glucoside standards. Methylation analyses were performed as described previously [19, 20] . Toyobo Co., Ltd, Biochemical Department, Osaka, Japan) at 37°C for 96 h. The resultant solution was desalted by Amberlite MB4 resin and loaded to a Cosmosil Sugar-D column. Analytes were separated using the procedure mentioned above.
Crystallization, data collection, structure determination and refinement
The crystals of BtGH97b-D415G complexed with Gal-Lac were obtained by co-crystallization of BtGH97b-D415G with Gal-Lac using the hanging drop vapor diffusion method, in which a drop consisting of 1 lL of protein solution (90 lM) and 1 lL of reservoir solution (100 mM MES/NaOH buffer, pH 6.2, containing 12% (w/v) PEG6000 and 3.9 mM GalLac) was equilibrated against the reservoir solution at 15°C. X-ray diffraction data of the crystal were collected on beamline BL-5A at Photon Factory, KEK (Tsukuba, Japan) at a wavelength of 1.0000 A using a Q315r CCD detector (ADSC, Poway, CA, USA). The dataset was collected from a single crystal under a stream of nitrogen at 100 K. The diffraction dataset was indexed, integrated and scaled with the XDS program [22] . The crystal exhibited a P2 1 2 1 2 1 space group with the cell dimensions a = 60.62 A, b = 100.62 A and c = 237.08
A, and diffracted to 1.94 A resolution. The structure was determined by the molecular replacement method with PHENIX.AUTOMR software [23, 24] using the protein coordinates of chain A of GH97 retaining the a-galactosidase structure (Protein Data Bank code: 3A24) as a search model. Two molecules were located in the asymmetric unit with a translation function Z-score of 39.7. The refinement was converged by several cycles of manual model corrections with COOT software [25] and further refined using the PHENIX.REFINE program [26] . Ramachandran plot analysis was performed using MOLPROBITY software [27] . Coordinates and structure factors have been deposited in the Protein Data Bank under accession code 5E1Q. Data processing and refinement statistics are given in Table 4. structures, analyzed data and wrote the paper. KW and KM performed the kinetic experiments. TT and KY performed the crystal structure analysis. AK, MM and PK provided technical assistance. MY, HM and AK provided essential equipment and facilities. All authors reviewed the results and approved the final version of the manuscript.
